In this work we model and realize stimulated Raman adiabatic passage (STIRAP) in the diatomic 23 Na 40 K molecule from weakly bound Feshbach molecules to the rovibronic ground state via the |v d = 5, J = Ω = 1 excited state in the d 3 Π electronic potential. We demonstrate how to set up a quantitative model for polar molecule production by taking into account the rich internal structure of the molecules and the coupling laser phase noise. We find excellent agreement between the model predictions and the experiment, demonstrating the applicability of the model in the search of an ideal STIRAP transfer path. In total we produce 5000 fermionic groundstate molecules. The typical phase-space density of the sample is 0.03 and induced dipole moments of up to 0.54 Debye could be observed.
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Dipolar quantum gases allow for the realization of intriguing new quantum many-body systems and associated phenomena due to their anisotropic and long-range interactions. Among these are the roton driven fluid to crystalline quantum phase transition [1] , dipolar droplet formation [2, 3] , insulators with fractional filling and supersolid phases of dipoles in optical lattices [4] to name only a few. Ultracold polar molecules promise particularly large dipolar interactions due to their large dipole moments.
The standard procedure for creating molecules at high phase-space density starts with a mixture of two atomic species close to quantum degeneracy. The two species are then initially adiabatically associated into a weakly bound Feshbach molecular state |F B [5] . From there they can be transferred into the final, electronic, vibrational and rotational (rovibronic) ground state using stimulated Raman adiabatic passage (STIRAP) [6, 7] . This last step involves coupling the initial and final state to a common intermediate, electronically excited molecular state. Both |F B and the intermediate state need to be chosen with care in order to allow for a high efficiency in the transfer and thus to preserve the phase space density of the ultracold mixture. This approach has been applied successfully to dipolar KRb [8] , RbCs [9, 10] , NaK [11] and NaRb [12] molecules.
Here we demonstrate the transfer 23 Na 40 K Feshbach molecules, created close to the m F = −7/2 Feshbach resonance at 88 G [13] , via the |v d = 5, J = Ω = 1 state, associated with the d 3 Π potential, to the rovibronic ground state. Here v d refers to the vibrational quantum number of a level associated with the d 3 Π potential, J is the total angular momentum of the molecule excluding nuclear spins and Ω is the projection of J onto the internuclear axis. This intermediate state, which has unresolved hyperfine (HF) structure, provides an alternative route * frauke.seesselberg@mpq.mpg.de to the ground state compared to the STIRAP scheme employed in [11] . We develop a Hamiltonian model to describe the adiabatic transfer in all required details to achieve a quantitative description. In addition to the molecular structure analysis done for different bialkali systems [14, 15] we include the complex light coupling into the analysis. This results in a multi-level, crosscoupled model that is intimately related to the work of the Bergmann group on STIRAP in multilevel systems [16] but is specific to the alkali-alkali molecule formation. We investigate how to maximize the STIRAP transfer efficiency for a given intermediate state manifold by optimizing pulse durations and one-photon detuning. We find excellent agreement between simulation and experiment. Finally, we demonstrate ground state molecule creation with a large electric dipole moment of up to 0.54 Debye.
I. MOLECULAR LEVEL STRUCTURE AND HAMILTONIAN MODEL
In our model we use a STIRAP coupling field E(t) of the form (see e.g. [17] )
where E 0,x denotes the amplitude vector, φ x (t) a time dependent phase (noise) term and ω x the carrier frequency, the index x distinguishing between either pump (P ) or Stokes (S) field. τ is the STIRAP pulse duration. We work in the rotating frame of these laser fields and employ the rotating wave approximation (RWA). Coupling matrix elements between two states {i, j} take the form Ω i,j = E x (t)d i,j e ±iφx(t) . Here d i,j is the corresponding transition dipole moment. The sign in the exponent and x are determined according to the RWA.
arXiv:1709.00902v2 [cond-mat.quant-gas] 20 Nov 2017
The initial state for our STIRAP process, which is illustrated in Fig. 1 , is the weakly bound molecular state associated with the Feshbach resonance at 88.9 G that we create at a magnetic field B = B F = 85.5 G. We denote its state vector as |F B and define its energy as E F B = 0. We ignore all other states in the vicinity of |F B , as they are energetically far detuned from |F B .
Within the manifold of the rovibronic ground states, G, the nuclear spin is the only degree of freedom and the only contribution to the magnetic moment of bialkali molecules. Therefore the Hamiltonian contains only nuclear Zeeman and nuclear spin-spin interaction terms. For 23 Na 40 K with I N a = 3/2 and I K = 4, the nuclear spin basis contains 4 × 9 = 36 states. At B F , the Hamiltonian of G can be approximated in the Paschen-Back limit, which is justified because of small HF interactions, asĤ
where µ N a/K denote the magnetic moments of the sodium and potassium nuclei,Î z,N a/K are the projections of the nuclear spin operators of the respective nucleus onto the magnetic field axis with eigenvalues m N a/K and c 4 ≈ 2π × 0.4 kHz is the scalar spin-spin interaction constant [11, 18] . The two-photon detuning δ of the coupling lasers is defined relative to the HF ground state at field
Other molecular states are detuned by at least twice the rotational constant in the ground state, 2B ≈ 5.6 GHz, and can safely be ignored. For the NaK system the |v d = 5, J = Ω = 1 is a suitable intermediate state manifold E for STIRAP [19] . It has significant spin-orbit coupling that results in a 2% admixture of the D 1 Π, v D = 6 state and suitable transition dipole moments to G and |F B with a magnitude on the order of 0.01 D. In particular the pump transition dipole moment is about one order of magnitude larger than for the previously used |v c = 35, J = 1 state [15, 20] . The pump transition matrix element limits the maximal coupling in STIRAP since it is smaller than the Stokes transition matrix element. For our intermediate state however the electronic spin projection Σ = 0 vanishes resulting in the absence of a Fermi contact HF interaction and since the orbital interaction in Na is small [21] the HF structure in E can not be resolved spectroscopically in the present study. Therefore we approximate the Hamiltonian of E by a pure Zeeman term and an imaginary damping term, that models decay to other molecular stateŝ
J z denotes the angular momentum operator along the magnetic field axis with eigenvalues m J and µ B is the Bohr magneton. For Hund's case (a) g = Ω(Λ + g e Σ)/(J(J + 1)) [21] , where g e denotes the g-factor of the electron, so that g = 1/2 for this state. The excited states decay with a rate γ and ∆ = ω P − E E /h is the detuning of the pump laser from the transition from |F B to the upper Zeeman component |E, m J = 1 with energy E E . The total number of states in this manifold with J = 1 is 36 × 3 = 108. No further molecular levels have to be considered, since even the nearest one |v d = 5, J = 2, Ω = 1 is already 7.2 GHz away. A damped Hamiltonian evolution is a good approximation to the full dynamics since spontaneous decay from this intermediate state ends almost exclusively in uncoupled states.
To express the described Hamiltonian as a matrix, we employ a nuclear spin decoupled molecular basis {|F B , |n, J, m J , m N a , m K }, where n ∈ {E,G}. Note that the physical meaning of J, the total angular momentum without nuclear spins, depends on n: For the Feshbach molecule J is equal to the total electronic spin S ∈ {0, 1}, for the excited state J = 1 and in the ground state J = 0. In this basis the Hamiltonian is diagonal. It is therefore convenient to expand the Feshbach state |F B in terms of the same spin basis
where |Ψ F B,Jm J m N a m K are the radial parts of the projection of |F B on to the respective spin states. The excited states in E are given by
where |Ψ E,s , s ∈ {0, 1} are the electronic spin singlet and triplet components of the radial part of E. In contrast to |F B , they essentially do not depend on the nuclear spin states because of negligible HF interaction compared to spin-orbit interaction. Finally the HF states in G are given by
with |ψ G being the radial part of the ground state wavefunction.
Next we determine the coupling matrix elements relevant for STIRAP. For the pump transition |F B → E it is proportional to
where q labels the polarization (0 corresponds to π-polarization and ±1 to σ + /σ − ) and α q is the polarization vector of E P (t). In Eq. (2) the first factor is the conventional Clebsch-Gordan coefficient and represents the Wavenumber (cm
FB mol. • polarization and starting with the mF = −7/2 Feshbach molecules that can be created at this field (lines are a guide to the eye). Three Zeeman mJ -components are clearly visible, but no hyperfine structure is resolved. The individual hyperfine states of the excited and the ground state are indicated schematically (circles) as well as the hyperfine components of the Feshbach state (diamonds). Symbols with the same total nuclear spin quantum number mI = mNa + mK (-5/2,-7/2,-9/2) have the same color (light blue, red, dark blue); white symbols refer to states that are not populated. Exemplary, shown by arrows, is the case of a π-polarized pump beam and a σ + -polarized Stokes beam. In this case, only the two mF =-7/2 components of mJ = 1 contribute to STIRAP. The strengths of the pump and Stokes transitions are different, as indicated by the thickness of the arrows. The one-photon detuning ∆ and the two-photon detuning δ are also indicated. Note that the energy axis for the excited state (spectrum and schematic) is inverted for clarity.
part of the Hönl-London factor which depends on the laboratory fixed quantum numbers, the second factor is the radial function overlap integral, the square of which is the Franck-Condon (FC) factor, and the last ones are matrix elements in the nuclear spin space yielding zero or one. We apply the Franck-Condon principle assuming that the electronic transition moment is constant over the needed internuclear separation. To obtain a sufficiently accurate |F B wavefunction, a coupled channel calculation [22] for this molecular state was performed. For the chosen intermediate state, the FC factors in the above expression originate mainly from the inner turning point of the triplet part of the Feshbach wavefunction, see Fig.  1(a) . Since the singlet part with J = 0 is rapidly oscillating, its FC factors are very small and thus all singlet terms will be neglected in the coupling between |F B and E. Overlap integrals for our specific |F B and E are given in table I.
For the Stokes transition E → G the transition matrix element is
where β q is the polarization vector of the Stokes field E S (t). Since the nuclear spins factorize everywhere, we can reduce our nuclear basis to only the 9 components present in the |F B state (Tab. I). While G is the angular momentum singlet (J = 0), E is a triplet (J = 1) and therefore the maximal size of the basis is (1 + 3) × 9 + 1 = 37 states. The entire Hamiltonian matrix is represented graphically in Fig. 1(b) with the dominant coupling terms. Tab. I shows that the largest coupling matrix elements are those involving the (J, m J , m N a , m K ) = {(1, 0, 1/2, −4), (1, 1, −1/2, −4), (1, 1, −3/2, −3)} spin projections of |F B . For resonant driving (∆ = 0) the dynamics will be dominated by couplings to m J = 1 states in E. With π polarization on the pump field (scenario A) those are coming from the two m J = 1 projections of |F B which are indicated with dark blue diamonds in Fig. 1(b) . Similarly using σ + on the pump field (scenario B), the nuclear spin projection m N a = 1/2, m K = −4 plays the largest role. In both cases the Stokes field has to have σ + polarization.
II. EXPERIMENTAL RESULTS
Our experimental setup produces ultracold mixtures of bosonic 23 Na and fermionic 40 K. We prepare ∼ 1.3 × 10 5 atoms of each species in a crossed, far-detuned optical dipole trap at a temperature of 0.7 µK, the phase space density of the sample being about 0.5. Sodium is prepared in the |F, m F = |1, 1 state and potassium in the |9/2, −7/2 state before we ramp up the magnetic field to 85.5 G, close to an interspecies Feshbach resonance located at 88 G in the m F,N a = 1, m F,K = −9/2 collision channel [13] . We use a radio-frequency sweep to flip the potassium atoms into the m F = −7/2 molecular bound state associated with the Feshbach resonance. The efficiency of this process is roughly 10 % and we typically create ∼1.1 × 10 4 Feshbach molecules with a binding energy of 80 kHz. For the STIRAP, lasers with wavelengths of 652 nm (pump) and 487 nm (Stokes) are required, for which we use a diode-and a dye-laser, respectively. Both lasers are phase-locked to master diode-lasers, which in turn are locked to the same ultrastable Fabry-Perot reference cavity and have sub-kHz linewidths. The beams propagate perpendicular to the magnetic field axis so that we can realize parallel (π) or perpendicular (⊥≡ (σ + + σ − )/ √ 2) polarization. We image Feshbach molecules directly using absorption imaging. The absorption cross section remains essentially unchanged compared to atoms. We calibrate our pump and Stokes field strengths by recording a spectrum on the |F B → |E, J = 1, m J = 1 transition with weak pump and resonantly tuned Stokes fields (Fig. 2) . The profile is fit using a three level model for electromagnetically induced transparency (EIT) [23] 
where t is the EIT pulse duration and γ the excited state line width. From the fit, we obtain a linewdith of γ = 2π × 20 MHz and Rabi frequencies Ω S = 2π × 8.4 MHz and Ω P = 2π × 2.6 MHz with a total power of 10 mW (100 mW) for the Stokes (pump) beams and a spot size of w ≈ 18 µm at the atoms. Since the Stokes matrix elements do not depend on the nuclear spin and the transparency peak is much wider than the Hyperfine spectra of the rovibronic groundstate. They were recorded with different polarizations at ∆ = 100 MHz and using 70 µs STIRAP pulse duration. Circles (triangles) denote the data recorded with π(⊥)-pump polarization, the Stokes beam being always ⊥-polarized. Error bars denote standard error of mean of several experimental runs and are mostly smaller than the symbol size. Vertical lines indicate the positions of the lowest hyperfine levels (mF = −5/2 solid, −7/2 dashed, −9/2 dash-dotted, same color convention as in Fig. 1(b) . Simulation results for the two polarization scenarios are indicated by solid lines, for which the experimentally measured phase noise was included (see text for details). The data and simulation result for the ⊥/⊥ polarization configuration are offset by -0.1 for clarity. ground state energy spread (see Fig. 1(b) ), we can directly use Ω S as the peak Rabi frequency for those matrix elements. To account for all excitation paths on the pump transition, we adjust E P in (2) such that
To perform STIRAP, we use pulses with the power envelope of Eq. (1) with smooth turn on and off. We reverse the STIRAP pulse sequence after a hold time of 90 µs. During this time we remove remaining potassium atoms from the trap using a resonant light field to obtain a background free STIRAP signal. For the following experiments we determine the ground state molecule signal as the ratio of the Feshbach molecules after and before this procedure, denoted as the round trip fraction η 2 . The STIRAP efficiency is thus η, assuming that both STIRAP processes are equally efficient.
By scanning δ we observe spectral structures that correspond to HF states in G, see Fig. 3 . Here ∆ = 100 MHz and τ = 70 µs. Depending on the polarization of the STI-RAP beams, different ground states can be populated. First we work with a ⊥ polarized Stokes field while the pump field has π polarization, so almost scenario A. In this case, we observe the nuclear spin states in the m S = 1 subspace of |F B (circles). The largest STIRAP efficiency η is then obtained for the |m N a , m K = |−1/2, −4 hyperfine state at δ = 200 kHz, consistent with Tab. I.
To optimize the STIRAP process we investigate the transfer efficiency η to the |−1/2, −4 HF ground state for different one-photon detunings ∆, optimizing τ for each value of ∆ assuring two-photon resonance δ = 0. The result is shown in Fig. 4(a) (circles) . We find that the efficiency is 25% for one-photon resonant STIRAP, but rises up to ∼50% for detunings larger than 20 MHz and then saturates. Also shown is the result of the parameter free calculation (dashed dark blue line) for optimal pulse duration according to the model, neglecting noise. The behaviour can be qualitatively understood by realizing that scattering from unwanted components decreases as 1/∆ 2 while coupling only decreases as 1/∆, which can be compensated with longer pulse durations. Note, that the ideal model predicts a significantly larger efficiency than the one observed in the experiment. However, when we include a realistic phase noise function φ x (t) into the model, we can resolve this discrepancy: In order to do so, we apply a random φ x (t) that reproduces the measured beat note radio-frequency spectrum between each STIRAP laser to their respective master laser. The phase noise power spectrum has a bandwidth of about 2.5 MHz and a magnitude that yields an rms amplitude φ x,rms = 400 mrad. This noise function is multiplied by a factor √ 2, assuming the phase noise of the master laser to the cavity lock is the same as the phase noise of the slave laser to the master lock. Including the laser phase noise spectra into the model calculation leads to the solid dark blue line that matches the data fairly well. It can be seen that the influence of the phase noise on the molecule production is strongest close to resonance and becomes less prominent for larger ∆. Fig.  4(b) shows the optimal STIRAP pulse durations τ , both obtained from the experiment (circles) and the model including phase noise (solid line). Also in this case the model describes accurately what we observe. Both the observed efficiency and the ideal STIRAP pulse duration agree very well for small ∆. At large ∆ experimentally optimal pulses are shorter. This indicates, that for larger ∆ with a reduced effective two-photon coupling and longer pulses other noise sources may become important. This is also consistent with larger predicted efficiency at large ∆. We can also compare the HF spectra of Fig. 3 with our model: Using experimental parameters including phase noise the modeled spectra match. Only the amplitude for the π/ ⊥ case is systematically too large.
To further benchmark the accuracy of the model calculation, we study STIRAP in a second polarization scenario, where pump and Stokes beam are both ⊥ polarized. This is not quite scenario B as discussed before, as the σ − -component can also couple to excited state components. Still also in that case mainly the |1/2, −4 HF state is populated, see Fig. 3 (triangles) . The corresponding efficiency measurements are indicated with triangles in Fig. 4(a) . And also in this case detuned STIRAP is favorable compared to resonant STIRAP.
Finally we simulate the ideal polarization scenario, scenario B, that could not yet be implemented experimentally due to geometrical constraints in the experimental apparatus, requiring σ + /σ + polarized pump/Stokes beams. This scenario also addresses the |1/2, −4 ground state and according to the simulation should yield the highest transfer efficiencies (light blue line in Fig. 3(a) ) of all three polarization scenarios discussed.
Finally, we polarize the ground state molecules using four rod electrodes within our vacuum system. We measure the Stark shift of the ground state transition using STIRAP at different applied voltages. With the previously determined dipole moment of 2.72 D for NaK [24] , we calibrate our electric fields and determine the induced dipole moments [25] , see Fig. 5 . From the Stark shift we can deduce that polar molecules with dipole moments of up to 0.54 D can be routinely produced by our setup. While dark state spectroscopy has already been performed up to dipole moments of 1.06 D [12] , actual polar molecules have so far only been produced with dipole moments of up to 0.3 D [11] . We expect to achieve even higher dipole moments with a more stable high voltage power supply. The applied electric field has been calibrated using a DC Stark shift model and the molecular dipole moment determined in [24] . The corresponding induced electric dipole moment is given on the upper axis, indicating, that polar molecules with 0.54 D have been produced.
III. CONCLUSION AND OUTLOOK
We have set up a model to describe STIRAP in dipolar molecules beyond a three-level system, taking into account the structure of the Feshbach state as well as the intermediate and the ground state manifolds. STI-RAP with large one-photon detunings was demonstrated in 23 Na 40 K using the predominantly v d = 5 level in the d 3 Π/D 1 Π coupled system. One-photon resonant STI-RAP efficiencies of 25 % and one-photon detuned STI-RAP efficiencies of 50 % were observed for different hyperfine states within the rovibronic ground state. Our quantitative STIRAP model reproduces the STIRAP efficiencies at different one-photon detunings for all polarization scenarios nicely when laser phase noise is taken into account. We find that it is important to include the entire Zeeman (HF) multiplet to accurately describe losses during STIRAP, especially at large one-photon detunings. In this case the large pulse area during the transfer can result in significant losses even from far off resonant Zeeman components in the excited state. The model further encourages the realization of a polarization scenario with σ + /σ + -polarized pump/Stokes beams to increase STIRAP efficiency. The largest loss in phasespace density occurs in the current setup however already prior to STIRAP due to the low efficiency of Feshbach association. This could be mitigated in an optical lattice [26, 27] in the future. Finally we demonstrated that molecules with a dipole moment of 0.54 D can be created in our setup, the most polar diatomic molecular sample so far. We believe that the model developed here can be easily generalized to other molecular species and states, thus allowing for a systematic search for the optimal STI-
